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ABSTRACT 

This dissertation is mainly focused on the investigation of cathode in Li-air batteries 

using organic electrolyte and the development of high-rate rechargeable Li-air flow batteries. 

A Li-air battery using organic electrolyte with an air electrode made with a mixture of 

carbon nanotube (CNT) and carbon nanofiber (CNF) is utilized to investigate the capacity 

limitation effects of cathode using a multiple-discharge method. Scanning electron microscopy 

(SEM) images show that the discharge product mainly forms at the air side of cathode due to low 

oxygen solubility and diffusivity in the organic electrolyte. This inhomogeneous distribution of 

discharge product indicates that the Li-air cell falls short of the maximum capacity of air 

electrode. Electrochemical impedance spectra (EIS) demonstrated that during discharge at high 

current density (1 mA/cm
2
) pore blocking is the major factor that limits capacity; however, 

during discharge at low current density (0.2 mA/cm
2
) both pore blocking and impedance rise 

contribute to the capacity limitation. It’s been confirmed that cathode is the dominant limitation 

to the discharge capacity. Also, the gradient porosity structure of cathode is able to increase the 

capacity based on the weight of carbon, but the electrolyte loading needs to be optimized to 

achieve high energy density of cell. 

A novel rechargeable Li-air flow battery is demonstrated. It consists of a lithium-ion 

conducting glass-ceramic membrane sandwiched by a Li-metal anode in organic electrolyte and 

a carbon nanofoam cathode through which oxygen-saturated aqueous electrolyte flows. It 

features a flow cell design in which aqueous electrolyte is bubbled with compressed air, and is 

continuously circulated between the cell and a storage reservoir to supply sufficient oxygen for 

high power output. It shows high rate capability (5 mA/cm
2
) and renders a power density of 7.64 

mW/cm
2
 at a constant discharge current density of 4 mA/cm

2
. Adding RuO2 as a catalyst in the 

cathode, the battery showed a high round-trip efficiency (ca. 83%), with the overpotentials of 

0.67 V between charge and discharge at a current of 1 mA/cm
2
. A Li-air flow battery using 

graphite as anode is also demonstrated for several cycles. 
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CHAPTER ONE 

INTRODUCTION 

In recent decades the push for renewable energy (i.e. alternative clean energy such as 

wind, solar, etc.) to replace fossil fuel has gained ground in the United States of America and the 

world at large.  

Three different motivations drive this energy change [1]. 

First, fossil fuel is a finite resource. They need billions of years to be accumulated, which 

are much slower than our consumption speed nowadays. Meanwhile, world energy demand is 

expected to double by the year 2050 and triple by the end of the century [2]. It seems possible 

that cheap oil (on which our cars and trucks run) and cheap gas (with which we heat many of our 

buildings) will run out in our lifetime, as shown in Figure 1.1. Technology will also 

progressively become a limiting factor in our utilization of fossil fuels as unexcavated reserves 

become scarcer and the processes required to extract the material become more difficult to 

implement. 

 

 

Figure 1.1: Prediction of future globe fossil fuel reserves [3].  

 



2 

 

Second, we’re interested in security of energy supply. Even if fossil fuels are still 

available somewhere in the world, perhaps we don’t want to depend on them if that would make 

our economy vulnerable to the untrustworthy foreigners. This is a major cause of geopolitical 

instability (e.g. the wars in the Middle East). 

Third, it’s very probable that using fossil fuels changes the climate as shown in Figure 

1.2. Climate change is blamed on several human activities, but the biggest contributor to climate 

change is the increase in greenhouse effect produced by carbon dioxide (CO2). Most of the 

carbon dioxide emissions come from fossil-fuel burning, and the main reason we burn fossil 

fuels is for energy. So to fix climate change, we need to sort out a new way of getting energy.  

 

 

Figure 1.2: Changes in carbon emissions, CO2 concentrations and temperature in the last 1000 

years [4].  

 

Among all the oil consumption, the majority of oil is used for light-duty automobile and 

truck applications as shown in Figure 1.3, so a transition to an electrified road transportation 
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system should be a social goal of utmost importance. This is already beginning with the advent 

of hybrid electric vehicles (HEVs), and will accelerate as plug-in hybrid electric vehicles 

(PHEVs) and ultimately pure electric vehicles (EVs) are developed. 

 

 

Figure 1.3: U.S. oil consumption by sector in 2009 [5].  

 

For both effective utilization of renewable energy sources (due to their variable energy 

output which makes them difficult to manage) and an electrified road transportation system, 

energy storage technologies play an increasingly important role. In particular, the major technical 

hurdle for the pure EVs is the insufficient storage capacity of current batteries, severely limiting 

the driving range of practical EVs. Figure 1.4 presents a comparison of practical specific 

energies for several rechargeable batteries. Among all the battery chemistry, Li-air batteries 

potentially have the highest specific energy which is 3-5 times higher than that of state-of-the-art 

Li-ion batteries. In this respect, Li-air batteries have captured more and more attention, 

especially for a possible automotive application, in the recent years. 
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Figure 1.4: Estimated practical specific energies for some rechargeable batteries with estimated 

driving distances and pack prices [6].  
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CHAPTER TWO 

ENERGY STORAGE DEVICES 

Energy storage devices are such physical media that store energy to perform useful 

operation at a later time [7], and a battery is one of them.  In the battery, chemical energy is 

trapped in active materials on polar electrodes and can be converted to electrical energy through 

a controlled oxidation-reduction (redox) reaction [8]. Different types of batteries have been 

invented according to various chemistries and applications. Herein two kinds of batteries will be 

introduced: Li-air batteries and flow batteries.  

 

2.1 Li-air Batteries 

The Li-air battery possesses a very high theoretical specific energy (gravimetric energy 

density) originating from the use of lithium metal as the negative electrode and the consumption 

of gaseous oxygen from the atmosphere at the positive electrode. Lithium is the lightest metal 

providing a specific capacity of 3861 mAh/g which is much greater than that of graphite or other 

commercially available anodes [9]. The cathode oxidant, oxygen, is not stored in the cathode and 

is supposed to be obtained from the surrounding environment, which is similar to a gasoline 

engine in a sense. 

Currently, two chemical architectures are being pursued worldwide: one is a Li-air 

battery using organic electrolyte, and the other is a Li-air battery using dual electrolyte. 

 

2.1.1 Li-air Batteries Using Organic Electrolyte 

A rechargeable Li-air battery using organic electrolyte was first proposed by Abraham 

and Jiang in 1996 [10]. Figure 2.1 shows a schematic diagram of a Li-air battery using organic 

electrolyte. It consists of a metallic lithium anode, an electrolyte comprising a dissolved lithium 

salt in an organic solvent, and a porous O2-breathing cathode composed of large surface area 

carbon and possibly catalyst particles.  
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Figure 2.1: Schematic diagram of a Li-air battery using organic electrolyte [11]. 

 

During discharge, lithium metal at the anode is oxidized to lithium ions and liberates 

electrons as described by the following half cell reaction: 

 Li Li e
+ −

→ +  (1) 

The electrons are transported via an external circuit to the cathode. Meanwhile, the dissociated 

lithium ions flow through the electrolyte to the cathode via the mechanism of an electrochemical 

potential gradient. At the cathode, the half cell reactions are thought to be: 

 
2 2 22 2Li O e Li O

+ −
+ + →  (E

o
=3.1 V vs. Li/Li

+
) (2) 

and possibly: 

 
2 24 4 2Li O e Li O

+ −
+ + →  (E

o
=2.9 V vs. Li/Li

+
) (3) 

and lithium peroxide (Li2O2) in reaction (2) was identified as the most abundant reduction 

formed after discharge [2]. Nevertheless, it has been suggested that gaseous oxygen dissolved in 

the electrolyte first via a one electron transfer process reduces at the surface of a porous cathode 

to a superoxide ion (O2
-
). This reduced oxygen ion reacts with lithium ions dissolved in the 

electrolyte to form lithium superoxide (LiO2) as the intermediate reaction product: 

 
2 2Li O e LiO

+ −
+ + →  (E

o
=3.0 V vs. Li/Li

+
) (4) 

LiO2 can further chemically or electrochemically be converted to Li2O2 as the final discharge 

reaction product [12]: 

 2 2 2 22LiO Li O O→ +  (chemically) (5) 

 
2 2 2LiO Li e Li O

+ −
+ + →  (electrochemically) (6) 
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During charge, Li2O2 oxidizes and O2 is evolved at the cathode as: 

 
2 2 22 2Li O Li O e

+ −
→ + +  (7) 

The electrons are transported via an external circuit to the anode. Meanwhile, the dissociated 

lithium ions flow through the electrolyte to the anode, combining with the electrons to form 

metallic lithium: 

 Li e Li
+ −
+ →  (8) 

The Li-air battery using organic electrolyte is estimated to exhibit a specific energy of 

~3000 Wh/kgelectrode which is 3-5 times greater than that of the Li-ion battery (LiCoO2) at low 

power [13]; however, there are a number of challenges that currently limit its practical uses: (1) 

limited practical capacity [58,70], (2) low rate capability (typically 0.1 to 1 mA/cm
2
) [11,14,15], 

(3) low round-trip efficiency (<70%) [16,17], (4) poor cycle life (<100 cycles) [17-23], and (5) 

building a real “air-breathing” system [24]. 

In the Li-air battery using organic electrolyte, current densities as high as 1 mA/cm
2 

have 

been demonstrated [15]. However, the capacity begins to fall off at current densities above about 

0.1 mA/cm
2
 as shown in Figure 2.2, depending on the cell design and other parameters [25,26]. 

The main phenomenon that contributes to this low rate capability is the limited diffusion and 

solubility of oxygen in the organic electrolyte [2]. As the current increases, the electrochemical 

reaction occurs in a progressively smaller region close to the air side of cathode, possibly leading 

to pore clogging and electrical passivation as shown in Figure 2.3 [9,15]. 

For the challenge of low round-trip efficiency as shown in Figure 2.4, it has been 

attributed largely to the slow oxygen evolution reaction (OER) kinetics in organic electrolytes 

[27-30]. The discharge voltages of Li-air batteries using organic electrolyte are typically in the 

range of 2.5-2.8 V for carbon-based electrodes [15,31,32], slightly below the thermodynamic 

voltages. In contrast, the charge voltages are typically much higher than the thermodynamic 

voltages, including an average voltage plateau of >4 V, which indicates that oxidation of Li2O2 is 

associated with severe polarization, too high for practical applications [11,24,33,34]. Different 

catalysts (e.g. MnO2, Pt, Au) and redox mediator (e.g. tetrathiafulvalene (TTF)) have been 

studied to improve the kinetics of OER and thus lower the charge overpotential [17,22,35]. It’s 

also found that the side reaction products (Li2CO3 and Li carboxylates) formed result in the large 

overpotential on the subsequent charge [34,43]. 
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Figure 2.2: Discharge curves for a Li-air cell using organic electrolyte at three currents: 0.1 mA, 

0.5 mA, and 1 mA [11]. 

 

 

Figure 2.3: Schematic illustration of the pore clogging during discharge [9]. 

 

The poor cycle life is mainly attributed to the chemical instability of electrolytes and 

carbon electrode owing to attack by intermediates of Li2O2 formation or oxidation. Concerning 
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electrolyte stability, it is now widely recognized that the organic carbonate-based electrolytes 

which are commonly used in Li-ion batteries, used initially in Li-air cells, undergo severe 

decomposition at the cathode during cycling [36-39]. Although some other electrolytes (e.g. 

ethers) are relatively more stable, they too decompose on cycling [40-42]. Carbon has been the 

material of choice for the porous cathode in the most of Li-air cell using organic electrolyte, but 

it is also found to decompose during oxidation of Li2O2 on charging above 3 V [34,43].  Gold or 

titanium carbide (TiC) based cathode has demonstrated better stability [21,23]. 

 

 

Figure 2.4: A single measured discharge-charge cycle for a Li-air cell using organic electrolyte 

operated at 0.1 mA/cm
2
 current density [11]. 

 

One of the most attractive features for the Li-air battery is an open system in which the 

cell “breathes” oxygen from the ambient air; however, the system most widely investigated in 

the literature so far is the Li-O2 cell under pure oxygen environment [20-23]. Several undesired 

side reactions may occur if carbon dioxide, nitrogen, or moisture in air enters the cell, which 

include: 

 2 2 2 34 2 2Li O CO Li CO+ + →  (9) 
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 2 22 2 2Li H O LiOH H+ → +  (10) 

 2 36 2Li N Li N+ →  (11) 

 2 2 2 2 2 32 2Li O CO O Li CO+ → +  (12) 

 2 2 2 22 2 4Li O H O LiOH O+ → +  (13) 

Several O2-selective membranes have been developed trying to achieve the design [44-46]. 

 

2.1.2 Li-air Batteries Using Dual Electrolyte 

The idea of using a protected lithium anode was introduced in 2004 by PolyPlus Battery 

Company [48], which opened the way to the Li-air batteries using dual electrolyte. In the Li-air 

batteries using dual electrolyte shown in Figure 2.5, the porous carbon is used as the cathode in 

an aqueous electrolyte, while the Li-metal anode remains in an organic electrolyte; the two 

electrolyte systems are separated by a Li-ion conducting membrane. This membrane needs to 

have not only a good conductivity for lithium ions but also good chemical stability in both 

organic and aqueous electrolytes, as well as the ability to isolate the two electrolytes. Catalysts 

(e.g. Pt, IrO2, Mn3O4) may be needed to accelerate the kinetics of both ORR and OER [48-50]. 

The overall electrochemical reaction in batteries with basic or acidic aqueous electrolyte can be 

expressed as follows: 

 2 24 2 4Li O H O LiOH+ + ↔  (E
o
=3.43 V vs. Li/Li

+
) (14) 

 
2 24 4 4 2Li O H Li H O

+ +
+ + ↔ +  (E

o
=4.27 V vs. Li/Li

+
) (15) 

One of the major advantages of the Li-air batteries using dual electrolyte is that the 

discharge product is soluble in the aqueous electrolyte at the cathode before it reaches the 

saturation. Table 2.1 lasts some possible Li-air batteries using different aqueous electrolytes in 

cathode. The overall chemical reactions during charge/discharge and the solubility of discharge 

products are included in the table. This feature eliminates an apparent shortcoming of the Li-air 

batteries using organic electrolyte, namely formation of solid products resulting in pore clogging, 

electrical passivation and high overpotenital during charge [9,52]. Another advantage is that 

most of the side reactions occurring in the Li-air batteries using organic electrolyte can be 

avoided by using a Li-ion conducting membrane when operated in air. Moreover, carbon 

electrode and electrolytes are relatively more stable in this system. 
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Figure 2.5: A schematic diagram of Li-air batteries using dual electrolyte [47]. 

 

Table 2.1: Summary of Li-air batteries using different aqueous electrolytes in cathode and the 

solubility of discharge products [51]. 

Solvent in 

electrolyte 
Overall reaction equation 

Discharge 

product 

Solubility 

(g/100g H2O) 

Diluted LiOH 4Li+O2+2H2O↔4LiOH LiOH 12.5 

Acetic acid 

(CH3COOH) 
4Li+O2+4CH3COOH↔4CH3COOLi+2H2O CH3COOLi 45 

Chloric Acid 

(HClO3) 
4Li+O2+4HClO3↔4LiClO3+2H2O LiClO3 459 

Perchloric acid 

(HClO4) 
4Li+O2+4HClO4↔4LiClO4+2H2O LiClO4 58.7 

Formic acid 

(HCOOH) 
4Li+O2+4HCOOH↔4HCOOLi+2H2O HCOOLi 39.3 

Nitric acid 

(HNO3) 
4Li+O2+4HNO3↔4LiNO3+2H2O LiNO3 102 

Sulfuric acid 

(H2SO4) 
4Li+O2+2H2SO4↔2Li2SO4+2H2O Li2SO4 34.2 

Hydrobromic acid 

(HBr) 
4Li+O2+4HBr↔4LiBr+2H2O LiBr 181 

Hydrochloric acid 

(HCl) 
4Li+O2+4HCl↔4LiCl+2H2O LiCl 84.5 

Thiocyanic acid 

(HSCN) 
4Li+O2+4HSCN↔4LiSCN+2H2O LiSCN 120 
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The key part in the dual-electrolyte system is the Li-ion conducting membrane. This 

membrane needs to have not only a good conductivity for lithium ions but also good chemical 

stability in both organic and aqueous electrolytes, as well as the ability to isolate the two 

electrolytes. At present, most research on Li-air batteries using dual electrolyte has utilized the 

Li-ion conducting glass-ceramic (LIC-GC) membrane provided by Ohara Inc., Japan [47,49,53]. 

Table 2.2 lists the chemical, mechanical and thermal properties of LIC-GC membrane: (1) water 

and mild acid have minimal influence on the lithium ion conductivity; (2) it’s a brittle solid 

material; (3) it’s thermally stable up to 600 °C. A typical LIC-GC membrane has a thickness of 

~150 µm and an ionic conductivity of 3.5 × 10
-4

 S/cm at 25 °C as shown in Figure 2.6. 

 

Table 2.2: General properties of LIC-GC [54]. 

Chemical 

Properties 

Water Resistance in Powder form (RW(P) in JOGIS Class) Class 1 

Acid Resistance in Powder form (RA(P) in JOGIS Class) Class 1 

Mechanical 

Properties 

4 Point Bending Strength 140 N/mm
2
 

Knoop Hardness  590 N/mm
2
 

Specific Gravity 3.05 

Thermal 

Properties 
Coefficient of Thermal Expansion 

94 × 10
-7 

/ °C    

(30 ~ 350 °C) 

82 × 10
-7 

/ °C  

(350 ~ 600 °C) 

 

The water resistance is rated according to the following method: glass is powdered and 

sieved to select particle sizes of 420~590 µm. Powdered glass, weighed by its specific gravity, is 

placed in a platinum net basket and soaked in 80 mL pure water (pH 6.5~7.5) that is contained in 

a fused silica flask. The glass is then boiled for 60 minutes. Class 1 for water resistance means it 
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has <0.04% mass loss. The acid resistance rating employs a method of testing which is similar to 

the water resistance except that a 0.01 mol/L nitric acid solution is used. Class 1 for acid 

resistance means it has <0.19% mass loss. Knoop hardnes is used to characterize the hardness of 

the surface of optical glass against penetration. Specific gravity of a glass is defined as the ratio 

of the glass density to the density of pure water at 4 °C and 101.325 kPa (1 atm) pressure. [73] 

 

 

Figure 2.6: Arrhenius plot of LIC-GC [54]. 

 

2.2 Flow Batteries 

There is a large difference in the configuration between conventional batteries and flow 

batteries. Conventional batteries contain electrolyte in the same container as the cells where the 

electrochemical reactions occur. Flow batteries on the other hand use electrolyte that is stored in 

a separate container outside of the battery cell container, as illustrated in Figure 2.7. Flow battery 

cells are said to be configured as a 'stack'. When flow batteries are charging or discharging, the 

electrolyte is transported between the electrolyte container and the cell stack. An ion selective 

membrane is often used to prevent mixing or cross-over of the electro-active species which 

results in chemical short-circuit of electro-active materials. Only the common counter ion carrier 
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is allowed to cross the membrane [56,57].  Systems in which one or more electro-active 

components are stored internally are called hybrid flow batteries. Table 2.3 shows some of the 

well-known flow-battery systems. 

 

 

Figure 2.7: Schematic of a flow battery [55]. 

 

Flow batteries provide several advantages over conventional battery storage technologies: 

(1) Power/energy design flexibility. Since electrolyte is stored separately from the reaction stacks, 

the energy storage rating is independent of the power rating. This allows for design optimization 

for power and energy separately, specific to each application. Therefore, flow batteries have the 

advantage of scalability. To increase peak power output additional battery cells need to be added. 

But to increase the amount of energy that can be stored, and therefore to increase the time they 

will operate on a full charge, can be expanded almost indefinitely by building larger tanks and 

filling them with electrolyte. The result is that these batteries can be used in a wide range of roles: 

from small scale units to power-station scales of hundreds of MWh.  It is similar to internal 

combustion engine system, in which the power is determined by the size of the engine and the 

energy capacity is determined by the size of the fuel tank. (2) Long lifetime. The electrodes do 

not undergo physical and chemical changes during operation (because they do not contain active 

materials), thus leading to more stable and durable performance. Therefore, engineered 

microstructures developed to optimize performance can be maintained over the lifetime of the 
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device. With longer life times, the capital cost of the battery system can be amortized over a 

longer period, thus reducing the cost of the energy-storage device. (3) Layout flexibility. The 

tanks can be easily arranged to fit the available space and shape of the facility. In 

one demonstration, the tanks were made of rubber that conformed to the shape of basement walls 

in an office complex. (4) Low standby losses. Depending upon the application, it is possible to 

drain the stacks and store the charged electrolyte for long periods of time without self-discharge 

or pump auxiliary loads. (5) Simple cell management. Conventional batteries must be 

periodically charged at high voltages to equalize all cells to the same state of charge. In flow 

batteries, however, all cells share the same electrolyte at the same state of charge, so equalization 

is unnecessary [56,57]. 

 

Table 2.3: Characteristics of some flow-battery systems [57]. 

System Reactions E
o

cell 

Redox 

All vanadium 
V

2+
 ↔ V

3+
 + e

-
 

VO2
+
 + e

-
 ↔ VO

2+
 

1.4 V 

Vanadium-polyhalide 
V

2+
 ↔ V

3+
 + e

-
 

Br2 + e
-
 ↔ Br

-
 

1.3 V 

Bromine-polysulfide 
2S2

2-
 ↔ S4

2-
 + 2e

-
 

Br2 + 2e
-
 ↔ 2Br

-
 

1.5 V 

Iron-chromium 
Fe

2+
 ↔ Fe

3+
 + e

-
 

Cr
3+

 + e
-
 ↔ Cr

2+
 

1.2 V 

Hydrogen-bromine 
H2 ↔ 2H

+
 + 2e

-
 

Br2 + 2e
-
 ↔ 2Br

-
 

1.1 V 

Hybrid 

Zinc-bromine 
Zn ↔ Zn

2+
 + 2e

-
 

Br2 + 2e
-
 ↔ 2Br

-
 

1.8 V 

Zinc-cerium 
Zn ↔ Zn

2+
 + 2e

-
 

2Ce
4+

 + 2e
-
 ↔ 2Ce

3+
 

2.4 V 

 

There are also some relative disadvantages of flow batteries, including: (1) Mechanical 

complexity. The advantages of storing electrolyte in tanks external to the stacks are offset by the 
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complexity of hydraulic design. Flow batteries require anolyte and catholyte pumps and 

associated plumbing to transport and distribute electrolyte to and from the stacks and within 

stacks to individual cells. Designs must address potential leaking throughout the system, and 

provide sufficient secondary containment in the event of leaks and spills. (2) Parasitic losses. 

Electrolyte pumps draw power while the system is operating, reducing overall system efficiency. 

(3) Footprint. Relative to other battery technologies under consideration for transmission and 

distribution (T&D) applications, flow batteries require a larger space. This limits their 

applicability in locations where space is limited [56]. 
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CHAPTER THREE 

INVESTIGATION OF CATHODE IN LI-AIR BATTERIES 

3.1 Introduction 

Li-air batteries have received significant interest in the past several years due to their high 

theoretical specific energy that could make long-range electric vehicles widely affordable 

[6,9,11]. Li-air batteries using organic electrolyte are usually composed of a Li-metal anode, a 

separator, and a porous carbon cathode filled with organic electrolyte. During discharge, external 

air is allowed to penetrate the pores of the cathode and diffuse through the electrolyte, reacting 

with the Li ions to form solid lithium peroxide: 

 2 2 22Li O Li O+ →  (E
o
=2.96V Li/Li

+
) (16) 

Lithium oxide (Li2O) can also be formed at the cathode as a result of the Li oxidation, but so far 

only Li2O2 has been detected upon discharge of Li-air batteries [10,20,21]. The theoretical 

capacity of a Li-air battery is limited by the volume of pore space in the cathode available for the 

formation of Li2O2.  Accordingly, the theoretical specific energy of Li-air batteries using organic 

electrolyte is estimated up to 3000 Wh/kg which is more than 3-5 times higher than that of Li-ion 

batteries [58]. 

Although Li-air batteries have an extremely high theoretical specific energy, the practical 

capacity and specific energy start to fall off at the current density over 0.1 mA/cm
2
 or with a 

thick cathode. Previous study suggests that this performance limitation is related to the cathode. 

During discharge, the solid discharge product deposits on the air side of the cathode due to the 

higher O2 concentration on this side, limits access of O2 inside the cathode and eventually causes 

the “sudden death” of the cell. Hence, the capacity and specific energy of Li-air batteries are 

mainly limited by this inhomogenous deposition of solid discharge product which severely 

reduces the usage of cathode volume [59]. 

In this study, we further investigate the capacity limitation effects of cathode, which is 

made with a mixture of carbon nanotube (CNT)/carbon nanofiber (CNF), in Li-air batteries using 

a multiple-discharge method. Various techniques including electrochemical impedance 

spectroscopy (EIS), scanning electron microscopy (SEM) and X-ray diffraction (XRD) are 

employed to study the discharge capacity mechanism. Also, the influence of cathode structure on 
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the discharge capacity of Li-air battery is studied, attempting to increase the capacity by 

manipulating the structure of cathode. 

 

3.2 Experimental 

The CNT/CNF buckypapers were prepared using the filtration method. CNT (Carbon 

Nanotechnologies, Inc.) and CNF (Applied Science, Inc.) were dispersed uniformly into 

dimethylformamide (DMF) solvent by ultrasonic shaking at mixing ratio of 1:3 w/w, and then 

filtered to get CNT/CNF buckypapers. The diameter and length for the CNT were 0.8-1.2 nm 

and 100-1000nm, respectively, and those for the CNF were 100-200 nm and 30-100 μm, 

respectively. The CNTs tend to bundle by forming nanofibers with a diameter around 10 nm as 

shown in the SEM image presented in Figure 3.1. The air electrode was taken directly by cutting 

the above prepared buckypaper into an active size of 1.8 cm in diameter. No binder was used 

during the electrode preparation. The thickness of air electrode is ~200 μm. 

 

 

Figure 3.1 SEM image of the pristine air electrode. 

 

A Li-air cell was built in an argon atmosphere glovebox by stacking a Li-metal anode 

(Alfa Aesar, 99.9%, 0.75 mm thickness), a piece of glass fiber separator (EL-CELL GmbH, Co, 

Germany, 1.55 mm thickness) and an air electrode in sequence into an electrochemical testing 

cell (ECC-AIR, EL-CELL GmbH, Co, Germany). The organic electrolyte was made with 1 M 
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Lithium hexafluorophosphate (LiPF6, Sigma Aldrich, 99.99%) or 

Bis(trifluoromethane)sulfonimide lithium salt (LiTFSI, Sigma Aldrich, 99.95%) in Tetraethylene 

glycol dimethyl ether (TEGDME, Sigma Aldrich, 99%). 

Discharge measurements were carried out in 1 atm oxygen gas at room temperature using 

an Arbin Instruments (Arbin-010 MITS pro 4.0-BT2000) controlled by a computer. The 

electrochemical impedance spectrum of the Li-air battery was recorded over a frequency sweep 

of 0.1-10
6 

Hz using a Gamry Instruments (Reference 3000). And it was measured using a 10 mV 

amplitude sine wave performed at open circuit voltage in potentiostatic mode. The resulting 

spectrum was analyzed by Gamry Echem Analyst program. The morphologies or the air 

electrode before and after discharge were characterized using SEM (JSM-7401, JEOL). The 

phase identification of the discharge product was conducted by XRD pattern recording using a 

Siemens D500 diffractometer with CuKα radiation source. Previous to the XRD analysis the 

discharged air electrode was washed with TEGDME solvent and dried in the glovebox. The 

sample was transferred into the XRD chamber and evacuated within 30 seconds. Data was 

collected when the chamber pressure reached 250 mTorr. 

The experimental procedure for comparing the influence of anode and cathode on the 

discharge capacity is illustrated in Figure 3.2. A fresh Li-air cell was discharged to 2 V and then 

opened in the glovebox. The discharged anode and cathode were reused in two fresh cells 

afterward for discharge.  

For the study of the influence of cathode porosity on discharge capacity, two different 

cathodes were fabricated with similar carbon weight as listed in Table 3.1. The density of 

electrolyte and carbon are assumed as 1.3 g/mL and 2.1 g/cm
3
, respectively. Based on the 

parameters listed in Table 3.1, the porosity of buckypaper made of CNF and CNT are calculated 

to be 90% and 85%, respectively. For the layered CNT/CNF electrode, the CNT layer is placed 

on the separator side while the CNF layer is placed on the air side. The total weight is the sum of 

carbon and electrolyte weight. 
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Figure 3.2: Schematic illustration of the experimental procedure for comparing the influence of 

anode and cathode on the discharge capacity. 

 

Table 3.1: Parameters of different cathodes for porosity study 

 

3.3 Results and Discussion 

The multiple-discharge curves of Li-air cells with CNT/CNF buckpaper electrode 

exposed to 1 atm oxygen atmosphere are depicted in Figure 3.3. The cell was first discharged at 

the current densities of 1 and then 0.2 mA/cm
2
. It was rested for several hours before the second 

discharge, and the open circuit voltage (OCV) of the cell gradually went back to 3.3 V. The 

discharge current density strongly affects the specific capacity of the Li-air cell. The discharge 

capacity at 1 mA/cm
2 

is 85 mAh/g, while decreasing the current density to 0.2 mA/cm
2 

increases 

the specific capacity to 1253 mAh/g. The first discharge at high current density has little 

influence on the capacity of the second discharge at low current density. 

Cathode Carbon weight (mg) Total weight (mg) Thickness (µm) 

CNT/CNF (mixed, 1:1) 12.5 57.7 160 

CNT/CNF (layered) 12 (6.8/5.2) 80 228(93/135) 

New Anode 

New Cathode 

Discharged Anode 

Discharged Cathode 

Discharged Anode 

New Cathode 

New Anode 

Discharged Cathode 

Discharge 

Reassemble 
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Figure 3.3: Multiple-discharge curves of Li-air cells at the current densities of 1 and then 0.2 

mA/cm
2
. Capacity is expressed per gram of carbon in the air electrode. 

 

The discharge product deposited in air electrode was observed in SEM images. Figure 3.4 

shows the surface morphologies of air electrode after the first discharge and second discharge. 

Typically, more discharge products are deposited at the air side than the separator side in the air 

electrode, comparing Figure 3.4a1 with Figure 3.4b1 and Figure 3.4a2 with Figure 3.4b2. This is 

mainly attributed to different oxygen concentration inside the air electrode. The oxygen 

concentration at the air side was higher than that at the separator side due to the low oxygen 

solubility and diffusivity in the organic electrolyte; therefore, the higher reaction rate occurred at 

the air side than the separator side [59,60]. Comparing Figure 3.4a1 with Figure 3.4a2, much 

fewer products were deposited at the air side after discharge at 1 mA/cm
2 

than those at 0.2 

mA/cm
2
. This is mainly due to the low oxygen solubility in the organic electrolyte even at the air 

side, resulting in the low rate capability of Li-air batteries. 
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Figure 3.4: SEM images of the air side (a) and the separator side (b) after discharge at the current 

densities of 1 (1) and then 0.2 (2) mA/cm
2
. 

XRD was used to identify discharge products in the air electrode of Li-air cells. Figure 

3.5 shows the XRD pattern of the air electrode after discharged at 0.2 mA/cm
2
. After the cell was 

discharge to 2 V, only the peaks corresponding to the Li2O2 based on the JCPDS data card (no. 

7400115) could be detected in addition to those of carbon and sample holder. This result 

confirms that the main product is Li2O2 in TEGDME-based electrolyte at least during discharge 

[20,33]. 

 

(a1) 

(b2) 

(b1) 

(a2) 
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Figure 3.5: XRD patterns of the air electrode after discharge to 2 V at the current density of 0.2 

mA/cm
2
. 

 

The EIS of a Li-air cell were recorded before discharge, after discharge at the current 

densities of 1 and then 0.2 mA/cm
2
 in Figure 3.6. An equivalent electric circuit is used to 

simulate the EIS as shown in the inset of Figure 3.6. The high-frequency intercept of the 

semicircle on the real axis is reflected by an ohmic resistance (Rs). The semicircle in the high- 

and medium-frequency regions represents a parallel combination of charge-tranfer resistance (Rct) 

and constant phase element (ZQ). An inclined line in the low-frequency region is related to a 

finite length Warburg element (Zw) arising from a diffusion-controlled process.  
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Figure 3.6: Electrochemical impedance spectra of a Li-air cell. The inset is the equivalent electric 

circuit used to fit EIS. 

 

From the fitted results, the Rs of the Li-air cell after the first discharge at 1 mA/cm
2
 is 

about 28 � similar to that of a pristine cell, while the Rct increased from 28 to 74 �. However, 

both the Rs and the Rct of the Li-air cell after the second discharge at 0.2 mA/cm
2 

increases to 

386 and 495 �, respectively. Rct is inversely proportional to the rate coefficient of the chemical 

reaction, the porosity of the air electrode, and the oxygen concentration in the air electrode [60]. 

During both discharges, the porosity and oxygen concentration decreases due to the pore 

blocking, especially at the air side in the air electrode as shown in Figure 3.2, resulting in the 

growth of Rct. The discharge product, Li2O2, has the electronic properties of an insulator [9]. 

During the second discharge at 0.2 mA/cm
2 

a large amount of Li2O2 was deposited in the air 

electrode, especially at the air side as shown in Figure 3.4a2, and forms a passvation layer on the 

air electrode surface, leading to the rise of Rs. Therefore, pore blocking mainly limits the 

RS Rct Zw 

ZQ 
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capacity for the first discharge at 1 mA/cm
2
; however, both pore blocking and impedance rise 

contribute to the capacity limitation for the second discharge at 0.2 mA/cm
2
. 

In order to assess the influence of anode and cathode on the Li-air battery capacity, the 

discharge capacity of different cells with new and discharged electrodes was studied.  Figure 3.7 

shows the discharges of Li-air cells with new anode and cathode, new anode and discharged 

cathode, and discharged anode and new cathode, respectively, at the current densities of 0.1 

mA/cm
2
. The capacity of pristine cell reaches 1985 mAh/g; however, the cell with discharged 

cathode can barely render any capacity. In contrast, the cell with discharged anode can still 

deliver a capacity of 1294 mAh/g. In comparison of the capacity of three cells, it’s clearly found 

that cathode is the dominant part that limits the capacity. Nevertheless, the cell with discharged 

anode shows reduced capacity and lower plateau compared to those of the pristine cell. Hence, 

anode also affects the discharge of Li-air battery, which is probably due to the solid electrolyte 

interface (SEI) layer on the surface of Li-metal. 

 

 

Figure 3.7: Discharge curves of Li-air cells with new and discharged electrodes at the current 

densities of 0.1 mA/cm
2
. Capacity is expressed per gram of carbon in the air electrode. 
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Figure 3.8: SEM images of CNT (a), CNF (b) and CNT/CNF (c) buckypaper at ×5000 (1) and 

×50000 (2). 

 

Li-air cells with different structure of cathodes are also investigated. Figure 3.8 shows the 

surface morphology of CNT, CNF and CNT/CNF buckypaper. The pore size of CNF buckypaper 

is much larger than that of CNT buckypaper, and CNT/CNF buckypaper looks more like CNT  

(a1) (a2) 

(b1) (b2) 

(c1) (c2) 
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Figure 3.9: Discharge curves of Li-air cells with different cathodes at the current densities of 0.1 

mA/cm
2
. Capacity is expressed per gram of carbon (a) and of carbon plus electrolyte (b) in the 

air electrode. 

(a) 

(b) 
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buckypaper. As shown in Figure 3.8, CNT/CNF mixed cathode has homogeneous porosity 

distribution, while CNT/CNF layered cathode is more porous for CNF which is at the air side. 

The discharge results of CNT/CNF mixed and layered cathodes are shown in Figure 3.9. Figure 

3.9a shows the discharge curves of Li-air cells with different cathodes at the current densities of 

0.1 mA/cm2, and the capacity (based on the weight of carbon electrode) of Li-air cell with 

CNT/CNF layered cathode is higher than that of Li-air cell with CNT/CNF mixed cathode. As 

it’s been found that during discharge the product deposition near the air side is faster than that 

close to the separator side, the CNT/CNF layered cathode has higher porosity near the air side 

which compensates the non-uniform deposition of product, leading to a high capacity rendition. 

This capacity difference in Figure 3.9a clearly demonstrates that gradient porosity structure of 

cathode has large influence on Li-air battery performance. Nevertheless, if we also take the 

weight of electrolyte in account, the capacity of Li-air battery with both cathodes greatly 

decreases as shown in Figure 3.9b. Moreover, the capacity of Li-air cell with CNT/CNF layered 

cathode is even lower than that of Li-air cell with CNT/CNF mixed cathode, and this is mainly 

attributed to the higher porosity of CNT/CNF layered cathode which accommodates more 

electrolyte in it. Therefore, the electrolyte loading should also be optimized to achieve high 

energy density of cell. 

 

 

3.4 Conclusion 

A Li-air cell made with CNT/CNF air electrode is investigated by a multiple-discharge 

method. The low oxygen solubility and diffusivity in the organic electrolyte results in the 

inhomogenous distribution of discharge product in the air electrode. The solid insulating 

discharge product, Li2O2, mainly limited the full usage of the cathode, leading to the low 

practical capacity and energy density of Li-air batteries. It’s been confirmed that cathode is the 

dominant limitation to the discharge capacity. Also, the gradient porosity structure of cathode is 

able to increase the capacity based on the weight of carbon, but the electrolyte loading needs to 

be optimized to achieve high energy density of cell. 
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CHAPTER FOUR 

DEVELOPMENT OF LI-AIR FLOW BATTERIES 

4.1 Introduction 

Recently, the Li-air batteries have been attracted much attention because of the 

possibility of extremely high energy density [10,14,61-63]. The theoretical energy density of the 

batteries can be over 3,000 Wh/kg which is more than 10 times greater than that of Li-ion 

batteries [18]. However, the practical energy density of Li-air batteries is much less than the 

theoretical predication. In addition to the energy density, Li-air batteries also suffered from other 

major deficiencies including extremely low power (or current) density and poor cyclability, and 

sensitivity to the moisture. There are some efforts to improve the cyclability of Li-air batteries 

with most research focusing on the development of catalysts which can effectively accelerate the 

oxygen reduction process and reduce recharge overvoltage [17,21]. The poor reversibility of Li-

air batteries is due to the formation of solid oxide discharge products which are difficult to 

reduce and decompose into Li-ions and oxygen within the electrolyte’s stable potential. These 

catalysts could reduce the reduction potential but could not effectively reduce all solid oxide 

products deposited in a highly porous electrode [15]. The bottleneck of rechargeability is the 

solid discharge products [64]. However, the solid discharge deposition can be avoided by using 

aqueous electrolyte in the air electrode, in which water soluble discharge products are formed 

during the discharge process. In the Li-air batteries, dual electrolytes - a non-aqueous electrolyte 

and an aqueous electrolyte in the anode and cathode electrodes, respectively, are used. In 

addition, a solid Li-ion conductive membrane is used between the anode and the air electrodes. 

This membrane has not only a good conductivity for Li-ions but also good chemical stability in 

both non-aqueous and aqueous solutions, as well as the ability to isolate the two electrolytes.  

Although Li-air batteries have an extremely large theoretical energy density they suffer 

from several drawbacks: (1) The Li2O2/Li2O discharge product deposits on the air side of the 

electrode reducing the pore size and limiting  access of the O2 in the cathode. The discharge 

products deposit mostly near the air side of the electrode because the O2 concentration is higher 

on this side. This inhomogenous deposition of reaction products severely limits the usage of 

cathode volume, which limits the maximum capacity and energy density of the battery; (2) the 

cyclability and energy efficiency of Li-air batteries are poor due to the lack of effective catalysts 
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to convert solid Li2O2/Li2O discharge products into Li ions; and (3) the current and power 

densities of Li-air batteries are much lower compared to conventional batteries due to an 

extremely low oxygen diffusion coefficient in liquid solution.  

Recently, a new structure of Li-air flow battery which consisted of an ordinary Li-air 

battery and an aqueous electrolyte recycling system was demonstrated [47]. The electrolyte in 

the cathode of Li-air battery was circulated with an electrolyte recycling system.  We have also 

developed a model for predicting the energy density of rechargeable Li-air flow batteries using a 

non-aqueous electrolyte in the anode and an aqueous electrolyte in the cathode [51]. The 

calculation of energy density is based on the electrochemical reaction mechanisms and the 

solubility of the discharge product. The theoretical energy densities of these rechargeable Li-air 

flow batteries vary from 140 to over 1100 Wh/kg depending on the type of electrolytes in 

cathode. In this study, a new structure of Li-air flow battery system for possible large scale 

applications is also proposed and a Li-air flow battery system is experimentally demonstrated.  

Ruthenium-based nanoparticles such as metallic Ru and RuO2, hydrated or anhydrous, 

have been actively explored as catalysts in various chemical and electrochemical reactions. 

Recently Ru- and RuO2-based materials used as cathodes in Li-air batteries with organic 

electrolyte have shown good catalytic activity to both the oxygen reduction reaction (ORR) and 

oxygen evolution reaction (OER) [71,72]. Herein, the electrocatalytic activity of RuO2 loaded on 

carbon nanofoam for promoting the ORR and OER in Li-air flow batteries is evaluated. 

Although lithium metal has extremely high energy density (11680 Wh/kg), it may cause 

the problem for commercialization of Li-air flow battery having a large piece of lithium metal 

used as anode material. Lithium metal is in fact a very reacting electrode with water that may 

give rise to serious safety hazards. Coverage of the lithium metal electrode by protective lithium-

ion conducting membrane can mitigate the problem; however, this approach cannot ensure total 

safety, since the membrane is fragile and may deteriorate or even break due to some unexpected 

accidents. On the other hand, graphite is widely used as anode in Li-ion batteries and is much 

safer than lithium metal. In this study, a Li-air flow battery replacing the lithium metal anode by 

the graphite anode is explored. 
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4.2 Experimental 

The experimental Li-air flow battery was shown in Figure 4.1 which consists of two 

units: the electrochemical (EC) reaction unit; and a combined electrolyte storage/oxygen 

exchange unit. The EC reaction unit is similar to conventional Li-air batteries using hybrid 

electrolytes; however, a major difference is that the cathode electrode does not open directly to 

the atmosphere to receive the oxygen; instead it circulates the electrolyte continuously between 

the EC reaction unit and electrolyte storage unit (see Figure 4.1). For example, during discharge, 

the fresh electrolyte which is saturated with oxygen is pumped into the EC reaction unit, while 

the used electrolyte will be sent to the oxygen exchange unit to be refreshed. In the Li-air flow 

battery, the anode is a piece a Li-metal foil (Alfa Aesar, 99.9%, 0.75 mm thickness); a piece of 

separator (Celgard 2400) was placed between a Li-metal foil and a lithium-ion conducting glass-

ceramic (LIC-GC) membrane (Ohara Inc., 0.15 mm thickness); the cathode is a homemade 

carbon nanofoam; The aqueous electrolyte at cathode and electrolyte container was made with 

0.85 M CH3COOH (HOAc, Sigma Aldrich, ≥99.7%) and CH3COOLi (LiOAc, Sigma Aldrich) in 

deionized water. The organic electrolyte at the anode was 1.2 M LiPF6 in ethylene carbonate 

(EC)/dimethyl carbonate (DMC) at a ratio of 1:1 by weight as received (Novolyte 

Technologies Inc.). 

 

 

Figure 4.1:  A diagram showing the operational principle and configuration of the Li-air flow 

battery. 
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Li-metal foil is roll-pressed onto the copper mesh, which acts as the anode. The LIC-GC 

was sealed on to an aluminum laminated polymer, leaving a window area of 3.61 cm
2
 of LIC-GC 

open for lithium ion movement during discharge and charge processes. The aluminum laminated 

polymer used here is a very flexible material accommodating for any volume changes in Li-

metal anode.  A glass sheet is used in conjunction with a stainless steel spring to put uniform and 

continuous pressure on the layered battery structure. 

A piece of carbon nanofoam was used as the cathode electrode and was made as follows: 

The resorcinol (>99%) and sodium carbonate were dissolved in DI water, with stirring for fifteen 

minutes. The polymerization was initiated by introducing formaldehyde solution (37 wt.%) into 

the stirred solution to form the precursor solution. The ratio of resorcinol and formaldehyde is 

1:2. In the precursor solution, small amount of sodium carbonate catalyst was added. The 

precursor solution was filled into a stack of carbon fiber papers (from Lydall, density 0.2 g/cm
3
, 

90 um thick) which was placed between two glasses. A rubber O-ring was used to control the 

thickness of the carbon fiber paper and also acted as a sealant. After the filling process, the 

materials inside glass plate container were solidified by remained at room temperature for 2 

days, then 80 ℃ for 2 days. The samples were dried at 50 ℃ under ambient pressure after an 

exchange of the pore liquid for acetone, and then pyrolyzed under a nitrogen atmosphere at 1000 

℃ in a tube furnace. The furnace was purged with nitrogen at room temperature for one hour, 

and then ramped to 1000 ºC at 5 ºC /min. The temperature remained at 1000 ºC for two hours 

before returning to room temperature. 

The molar ratio of resorcinol to formaldehyde was limited to 1 : 2. A desired mass of 

RuCl3·3H2O (0.2g) was used as the initiator. In the typical preparation of the aerogel, resorcinol 

(2 g) was precisely weighted and dissolved in 4 ml deionized water, and then ultrasonically 

agitated for 10 min. Then, formaldehyde (2.5 ml, 37% of contents) was slowly added dropwise 

to into the solution and it was supersonically agitated for another 10 min to mix the reagents 

completely. Commercial Lydall carbon fiber papers (stacked for 15-layer construction to produce 

nanofoam) were infiltrated with the oligomerized RF sol, sealed in a glass-slide assembly with 

O-ring. The sealed packets were cured overnight at room temperature and then placed in a 

consumer-grade pressure cooker (Nesco 3-in-1 pressure cooker) on a slow cook setting (88–

94 °C) for 9.5 h, followed by a warming cycle (80 °C) for ∼15 h. Then the samples were 

immersed in acetone for 1 day to replace water produced in the polycondensation process.  The 
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sample was dried in 120 °C under vacuum. Ru/carbon was prepared by carbonization of the 

Ru/aerogel at 850 °C for 2 h in a flow of N2 at 100 ml min
−1

. 

The electrolyte storage unit was a stainless steel container about 1 L in volume. 

Compressed air was bubbled into the aqueous electrolyte by a gas bubbler (McMaster-Carr). 

Dissolved oxygen (DO) and pH in aqueous electrolyte were measured to be 8.3 mg/L and 4.5 by 

an Oakton Handheld Meter (PCD 650) and a Mettler-Toledo pH Meter, respectively. The 

aqueous electrolyte was circulated by a VWR variable flow mini-pump (Model 3389) at the 

speed of 250 mL/min. Charge and discharge measurements were carried out in air atmosphere at 

room temperature using an Arbin Instruments (Arbin-010 MITS pro 4.0-BT2000) controlled by a 

computer. The electrochemical impedance spectrum of the Li-air flow battery was recorded over 

a frequency sweep of 0.1-10
6
 Hz using a Gamry Instruments (Reference 3000). And it was 

measured using a 10 mV amplitude sine wave performed at open circuit voltage in potentiostatic 

mode. The resulting spectrum was analyzed by Gamry Echem Analyst program. Cyclic 

voltammetry (CV) was used to test electrochemical reactions for the carbon nanofoam using Pt 

mesh as the counter electrode and saturated calomel electrode (SCE) as the reference electrode 

from -1.2 to 2 V at the scan rate of 1 mV/s in 0.85 M CH3COOH and CH3COOLi aqueous 

electrolyte bubbled with N2. The CV curve was also recorded by a Gamry Instruments 

(Reference 3000). The Li-air flow cell using graphite anode was first charged to 330 mAh/g 

based on the mass of graphite, and then was cycled between 3 to 4 V. 

 

4.3 Results and Discussion 

The EC reaction unit converts chemical energy into electrical energy and vice versa. The 

maximum output power of the system is given by the maximum current density and the electrode 

size of the EC reaction unit; the electrolyte storage unit determines the maximum energy storage 

and delivery capacity; and the oxygen exchange unit regenerates (i.e. refreshes) the electrolyte to 

become EC reactive. Ideally, the electrolyte regeneration rate should be balanced to the oxygen 

consumption rate at the EC reaction unit. One of the advantages of Li-air flow batteries is that 

the energy and power capabilities can be totally separated according to the load requirements. In 

Li-air flow batteries, the total energy storage is determined by the volume of the electrolyte 

storage unit and the maximum power capability is determined by the size and design of the 

electrochemical reactor unit; in this regard it is somewhat similar to conventional fuel cells. 
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The biggest difference between the new Li-air flow batteries and conventional Li-air 

batteries [47,49] is that oxygen is supplied from the aqueous electrolyte instead of diffusing from 

the window in the cathode side. Hence, the thickness of cathode utilized is not limited by the 

slow oxygen diffusion in the electrolyte any more. Instead, by using a thick cathode the reaction 

rate which is proportional to the volume of cathode can be increased, so the cell’s power 

performance can be improved [65].  

The physical structure of the air cathode is crucial for electrochemical performance. Most 

conventional air-cathode structures are prepared via a traditional “brick-and-mortar” fabrication 

approach based on mixing and pressing powders of carbon, catalyst particles, and a polymeric 

binder into a composite electrode that exhibits an ad-hoc porous structure. Carbon paper 

supported carbon nanofoam electrode exhibits the following desirable properties: (i) electrical 

conductivity (10-200 S/cm); (ii) mechanical integrity; (iii) high specific surface areas (300-

500 m
2
/g); and (iv) through-connected porosity in three dimensions with macroporous free 

volume, which is critical in maintaining facile water/air transport throughout the volume of the 

air cathode [66,67]. 

Figure 4.2a displays the charge-discharge curves at various current densities. The 

discharge and charge voltages keep at 3.2 V and 3.9 V, respectively, at a current density of 1 

mA/cm
2
. Even at the current density of 5 mA/cm

2
, the discharge and charge voltages still keep at 

1.5 V and 5.2 V, respectively. With the growth of applied current density, the discharge voltage 

linearly decreases, while its power density sharply increases as shown in Figure 4.2b. At the 

current density of 4 mA/cm
2
, a Li-air flow battery reaches its maximal power density of 7.64 

mW/cm
2
. He et al. [47] have reported a dual-electrolyte Li-air fuel cell, but its overpotential 

during discharge is larger compared with that demonstrated in Figure 4.2a and no rechargeability 

was presented. Zhang et al. [49] have reported a dual-electrolyte rechargeable Li-air battery, but 

its current density is only as high as 0.5 mA/cm
2
 which is lower than that shown in Fig 4.2a. As 

the applied current density grows, the linear increase of charge and discharge voltage difference 

is clearly observed in Figure 4.2c. The resistance of the Li-air flow battery calculated from the 

linear fit equation is about 374 � cm
2
. This calculation can be explained as:  

 
0.5 d

cell

V
R

j
=  (17) 
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Figure 4.2: Electrochemical characterization of a Li-air flow battery: (a) charge-discharge curves 

at various current densities; (b) power performance; (c) charge and discharge voltage difference 

at various current densities. 

(b) 

(a) 
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Figure 4.2: Continued. 

 

where Rcell is the resistance of flow cell; Vd is the voltage difference of charge and discharge 

voltage; j is the current density. Since Vd and j have a linear relationship as shown in Figure 4.2c, 

the overpotential during charge and discharge is likely to result from a ohmic resistance which is 

the physical meaning of Rcell. 

The electrochemical impedance spectra (EIS) of a Li-air flow battery is recorded after 

charge and discharge at 5 mA/cm
2
 for 10 minutes at a frequency range of 0.1-10

6
 Hz in Figure 

4.3. An equivalent electric circuit is used to simulate the EIS, as shown in the inset of Figure 4.3. 

In the circuit, the high frequency intercept of the semicircle on the real axis is reflected by an 

ohmic resistance (Rs), which is predominantly the bulk resistance of the LIC-GC. The large 

semicircle in the high frequency range represents the interfacial resistance (Rint) of the LIC-GC 

with both organic electrolyte and aqueous electrolyte. The small semicircle in the middle 

frequency range corresponds to (i) the resistance of a passivation film (Rf) on the lithium 

electrode surface, and (ii) the charge-transfer resistance (Rct). Three constant phase elements (ZQ) 

are in parallel with the resistance [68,69]. An inclined line in the low frequency range is related 

to a finite length Warburg element (Zw) arising from a diffusion-controlled process. Herein, the 

(c) 
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O2 diffusion resistance is negligible due to the high speed circulation of O2-saturated aqueous 

electrolyte. Also in Figure 4.3 the small second semicircle indicates a small oxygen diffusion 

resistance. The fitting parameters are listed in Table 4.1. It can be seen that the total resistance is 

comparable to the value calculated from the linear fit equation in Figure 4.2c. From the fitted 

results in Table 4.1, the ohmic resistance (Rs) is approximately 90 � cm
2
, and the interfacial 

resistance (Rint) is around 115 � cm
2
. These values are consistent with our previous 

measurement of the ionic resistance and the interface resistances from the LIC-GC [65]. These 

two resistances which take up a major part in the total resistance are mainly attributed to the 

LIC-GC. Accordingly, the resistance of Li-ion conducting glass ceramic needs to be further 

reduced in order to achieve higher power performance.  

 

 

Figure 4.3: Electrochemical impedance spectra after charge and discharge at 5 mA/cm
2
. The 

inset is the equivalent electric circuit used to fit EIS. 

 

In Li-air flow batteries, a Li-metal foil was used as the anode electrode. The safety of the 

Li metal is always an important consideration. Table 4.2 shows theoretical energy densities of 

RS Rint Rf Rct Zw 

ZQ1 ZQ2 ZQ3 
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Li-air flow batteries if different anode materials such as Li metal, silicon, and graphite carbon are 

used. The theoretical specific energy was calculated based on EC reaction as [49,51]: 

 2 3 3 24Li O 4CH COOH 4CH COOLi 2H O+ + ↔ +  (18) 

 

Table 4.1: Fitting parameters of EIS curve fitting 

Rs(� cm
2
) Rint(� cm

2
) Rf(� cm

2
) Rct(� cm

2
) 

89.9 115.3 34.1 19.2 

ZQ1 ZQ2 ZQ3 Zw 

Q0(�
-1 

s
α
) α Q0(�

-1 
s
α
) α Q0(�

-1 
s
α
) α Rw(� cm

2
) τw(s) 

2.7×10
-7

 0.96 1.1×10
-6

 0.79 1.1×10
-4

 0.81 144.4 27.1 

 

Since the solubility of the discharge product CH3COOLi is 45 g CH3COOLi per 100 g 

H2O; therefore the maximum specific capacity can be calculated by [51]: 

 
2 4 2 2

7.65
p

anode C H O H O

F
c

M M M
=

+ +
 (19) 

where, F is the Faraday constant. Manode is the molecular weight of the anode material are 6.94 

g/mol, 13.3 g/mol, 79 g/mol for Li metal, silicon, and graphite carbon, respectively. MC2H4O2 and 

MH2O are the molecular weight of CH3COOH and water, respectively. The theoretical specific 

energy was calculated as: 

 pc Vε = ×  (20) 

A cell voltage of 3.6 V was used. 

 

Table 4.2: The theoretical specific energy of Li-air flow batteries with different anode electrode 

materials 

Anode Material Anode Specific Capacity (mAh/g) Theoretical Cell Specific Energy (Wh/kg) 

Li 3862 477 

SiLi4.4 4200 (Si) 463 

C6Li 371 (C) 354 

 



39 

 

The reaction for the cathode can be expressed as: 

 
2 24 4 2O H e H O

+ −
+ + ↔  (21) 

The charge process is the oxidation of water, as shown in equation (22), and oxygen will 

be generated on the cathode. Nevertheless, when the cathode potential is below that for hydrogen 

evolution during discharge at high current density, the water will be reduced along with 

hydrogen. Figure 4.4 shows the CV curve of the carbon nanofoam and Pt mesh from -1.2 to 2 V 

(vs. SCE) in 0.85 M CH3COOH and CH3COOLi aqueous electrolyte bubbled with N2. The 

oxygen evolution potential and hydrogen evolution potential are 5 and 2.2 V (vs. Li/Li
+
), 

respectively, as shown in Figure 4.4.  The resistance of LIC-GC contributes a major part to the 

total resistance of cell as mentioned in the EIS analysis, and this causes the large overpotential 

for the cell. Therefore, this issue can be solved if LIC-GC can be made more ionic conductive. 

Even though the hydrogen or oxygen is generated in the cathode, it still can be removed from the 

cell along with the flow of electrolyte. 

 

 

Figure 4.4: CV curve of carbon nanofoam and Pt mesh at the scan rate of 1 mV/s in 0.85 M 

CH3COOH and CH3COOLi aqueous electrolyte bubbled with N2 using SCE as the reference 

electrode. 
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Figure 4.5: A diagram showing the operational principle and configuration of a three-unit Li-air 

flow battery. 

 

From cell design point view, the electrolyte storage unit and oxygen exchange unit in 

Figure 4.1 can be separated in order to make the system more energy efficient and easier to scale 

up. Figure 4.5 shows a three-unit Li-air flow battery including the electrochemical (EC) reaction 

unit, the electrolyte storage unit, and the oxygen exchange unit. This 3-unit structure mimics the 

structure of a classical fuel cell system, which also contains a fuel cell reaction unit, a hydrogen 

storage unit, and a hydrogen generation unit. It is important that during discharge, the fresh 

electrolyte which is saturated with oxygen is pumped into the EC reaction unit, while the used 

electrolyte will be sent to the oxygen exchange unit to be refreshed. The integrated exchange and 
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storage system will be designed to ensure the electrolyte will achieve a satisfactory oxygen 

saturation level before entering into the EC unit. Figure 4.6 shows another possible design for the 

oxygen exchange unit. 

 

 

Figure 4.6: An alternative design of oxygen exchange unit. 

 

The charge-discharge curves of a Li-air flow battery using cathode with or without RuO2 

catalyst at a constant current density of 1 mA/cm
2 

are presented in Figure 4.7. The Li-air flow 

battery without RuO2 shows overpotential of 0.78 V between charge and discharge.  In 

comparison, the Li-air flow battery without RuO2 shows overpotential of 0.67 V between charge 

and discharge, which results in a round-trip efficiency about 83%. The overpotential of the 

battery with RuO2 is 0.11 V lower than that of the battery without RuO2, thus suggesting that 

RuO2 has good catalytic activity for both ORR and OER. 

Figure 4.8 shows the electrochemical performance of a Li-air flow battery using graphite 

as anode between 3 and 4 V at a constant current density of 0.2 mA/cm
2
. The average discharge 

and charge voltages are 3.4 and 3.8 V, respectively. The reversible capacity based on the mass of 

graphite initially is 250 mAh/g, and it drops to 220 mAh/g after 10 cycles. The capacity 

reduction is mainly attributed to the non-uniform intercalation of Li ions at the graphite anode. 
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Figure 4.7: Charge-discharge performance of Li-air flow cell using cathode with or without 

RuO2 catalyst at a constant current density of 1 mA/cm
2
.  

 

 

Figure 4.8: Charge-discharge performance of Li-air flow cell using graphite as anode at a 

constant current density of 0.2 mA/cm
2
. Capacity is expressed per gram of graphite 
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4.4 Conclusion 

A rechargeable Li-air flow battery can be cycled at a rate of 5 mA/cm
2
, and deliver a 

power density as high as 7.64 mW/cm
2
 at a constant discharge current density of 4 mA/cm

2
. The 

voltage difference linearly increases with the growth of the current density. The EIS analysis 

clearly shows that the dominant part of the total resistance is attributed to the LIC-GC. It is 

believed that the power performance can be improved by further reducing the resistance of this 

kind of lithium-ion conducting glass ceramic. A thinner glass ceramic membrane can possibly 

reduce the resistance, and yet its stability still needs to be maintained to prevent the crossover of 

species. RuO2 has good catalytic activity for both ORR and OER, and the battery with it shows a 

high round-trip efficiency (ca. 83%), with the overpotential between charge and discharge of 

0.67 V at a current of 1 mA/cm
2
. A Li-air flow battery using graphite as anode is also 

demonstrated for several cycles. 
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CHAPTER FIVE 

CONCLUSION AND FUTURE WORK 

The dissertation shows the results of investigating cathode in Li-air batteries using 

organic electrolyte and of developing high-rate rechargeable Li-air flow batteries. 

A Li-air cell made with CNT/CNF air electrode is investigated by a multiple-discharge 

method. The low oxygen solubility and diffusivity in the organic electrolyte results in the 

inhomogenous distribution of discharge product in the air electrode. The solid insulating 

discharge product, Li2O2, mainly limited the full usage of the cathode, leading to the low 

practical capacity and energy density of Li-air batteries. It’s been confirmed that cathode is the 

dominant limitation to the discharge capacity. Also, the gradient porosity structure of cathode is 

able to increase the capacity based on the weight of carbon, but the electrolyte loading needs to 

be optimized to achieve high energy density of cell. 

A rechargeable Li-air flow battery can be cycled at a rate of 5 mA/cm
2
, and deliver a 

power density as high as 7.64 mW/cm
2
 at a constant discharge current density of 4 mA/cm

2
. The 

voltage difference linearly increases with the growth of the current density. The EIS analysis 

clearly shows that the dominant part of the total resistance is attributed to the LIC-GC. It is 

believed that the power performance can be improved by further reducing the resistance of this 

kind of lithium-ion conducting glass ceramic. A thinner glass ceramic membrane can possibly 

reduce the resistance, and yet its stability still needs to be maintained to prevent the crossover of 

species. RuO2 has good catalytic activity for both ORR and OER, and the battery with it shows a 

high round-trip efficiency (ca. 83%), with the overpotential between charge and discharge of 

0.67 V at a current of 1 mA/cm
2
. A Li-air flow battery using graphite as anode is also 

demonstrated for several cycles. 

Future work for Li-air batteries using organic electrolyte and Li-air flow batteries can be 

focused on the following aspects: 

1. Li-air batteries using organic electrolyte 

a. Optimize the air electrode’s pore structure so as to increase the capacity. So far the 

discharge terminates well before all the pores of air electrode are filled with products. 

b. Develop electrolytes with the properties of low volatility, compatibility with 

electrodes, hydrophobicity, high O2 solubility or diffusivity, thermal and chemical 



45 

 

stability. This is essential for cycle life performance, high energy density and high 

power density, which is the biggest challenge currently. 

c. Suppress the dendrite formation of Li-metal anode. This dendrite formation is 

heterogeneous, which can result in dangerous battery short-circuiting and poor cycle 

life performance. 

d. Optimize the electrolyte loading to let the air electrode partially wet. This can help O2 

diffuse into the air electrode deeper and faster, and reduce the total weight of cell, so 

that the energy density and power density can be improved. 

2. Li-air flow batteries 

a. Develop a Li-ion conducting membrane with the properties of high ionic conductivity, 

chemical and mechanical stability. To date, the only commercially available Li-ion 

conducting membrane is the ceramic from Ohara with low ionic conductivity and 

easy to break. This is essential for the commercialization of Li-air flow batteries. 

b. Investigate the limitation for the cycle life performance of graphite anode using three-

electrode method. 

c. Optimize the cathode structure and catalyst loading to improve the columbic 

efficiency and catalyst utilization. 

d. Implement the alternative design for oxygen exchange unit to make the oxygen 

refreshing process more efficient. 
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